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Abstract
Type II superconductors will be considered as macroscopic quantum
gravitational antennas, which can simultaneously also be used as ecient
transducers for converting electromagnetic radiation into gravitational
radiation, and vice versa. A Meissner-like eect, in which the Lense-
Thirring eld associated with a gravity wave is expelled from the interior
of the superconductor, is predicted. An analysis of a process of natural
impedance matching in type II superconductors such as YBCO based on
the Ginzburg-Landau theory yields an estimate of the transducer conver-
sion eciency of the order of unity upon reflection of the wave. Thus e-
cient emitters and receivers of gravitational radiation can be constructed
at microwave frequencies. A simple, Hertz-like experiment using YBCO
and 12 GHz microwaves is being performed to test these ideas. Results
of this experiment will be reported elsewhere.
(PACS nos.: 03.65.Ud, 04.30.Db, 04.30.Nk, 04.80.Nn, 74.60-w, 74.72.Bk)
1 Introduction
In 1966, DeWitt [?] considered the interaction of a superconductor with grav-
itational elds, in particular with the Lense-Thirring eld. Starting from the
general relativistic Lagrangian for a single electron with a charge e and a mass
m, he derived in the limit of weak gravity and slow particles a nonrelativis-
tic Hamiltonian for a single electron in the superconductor, which satised the
minimal-coupling rule
p ! p− eA−mh, (1)
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where p is the canonical momentum, A is the usual vector potential, and h
is a gauge-like vector potential formed from the three space-time components
gi0 of the metric tensor viewed as an ordinary three-vector. Papini [?] then
considered the possibility of the detection the quantum phase shift induced by
h arising from the Lense-Thirring eld generated by a nearby rotating mas-
sive body, by means of a superconducting interference device (or SQUID) using
Josephson junctions. In a series of papers in the early 1980s, Anandan and
I considered the possibility of constructing antennas for time-varying Lense-
Thirring elds, and thus for gravitational radiation, using Josephson junctions
as transducers, in neutral superfluid helium analogs of the SQUID using an
antenna geometry in the form of a gure 8 superfluid loop, and also an antenna
bent into a the form of a baseball seam [?]. In 1985, Anandan [?] considered
the possibility of using superconducting circuits as detectors for astrophysical
sources of gravitational radiation, but did not mention the possibility of su-
perconductors being ecient emitters, and thus, laboratory sources of gravity
waves, as is considered here. In this paper, I shall show that the use of Joseph-
son junctions, which are dicult to implement experimentally, is unnecessary,
and that a superconductor, but not superfluid helium, should by itself be a
direct transducer from electromagnetic to gravitational radiation upon reflec-
tion of the wave from a superconductor-vacuum interface, with good conversion
eciency. By reciprocity, this conversion process can be reversed, so that grav-
itational radiation can also be converted upon reflection into electromagnetic
radiation from the same interface, with equal eciency. The geometry of a
superconducting slab-shaped antenna proposed here is much simpler than that
of the earlier proposed antenna geometries. These developments open up the
possibility of a Hertz-like experiment, in which the emission and the reception of
gravitational radiation at microwave frequencies can be implemented by means
of a pair of superconductors used as transducers. This simple experiment is
presently being performed.
2 Calculation of a Meissner-like effect in the lin-
ear response of a superconductor to gravita-
tional radiation
Consider a gravitational plane wave propagating along the z axis, which im-
pinges at normal incidence upon the circular face of a superconductor in the
form of a large circular slab of radius r0 and of thickness d. Let the radius
r0 be much larger than the wavelength λ of the plane wave, so that one can
neglect diraction eects. For simplicity, let the superconductor be at a tem-
perature of absolute zero, so that only quantum eects need to be considered.
The calculation of the coupling energy of the superconductor in the simulta-
neous presence of both electromagnetic and gravitational elds starts from the
general relativistic Lagrangian for a single particle of rest mass m and charge e
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(i.e., an electron, but neglecting its spin)
L = −m(−gµν _xµ _xν)1/2 + eAµ _xµ, (2)
from which a minimal-coupling form of the nonrelativistic Hamiltonian for an
electron in a superconductor, in the limit of weak gravitational elds and low
velocities, has been derived by DeWitt [?]. Here we apply this minimal-coupling
Hamiltonian to a pair of electrons, i.e., a Cooper pair in a spin zero state,
H = 12m2eff (p− e2A−m2h)2 , (3)
where m2 = 2m is the rest mass of the Cooper pair, m2eff is its eective mass,
e2 = 2e is its charge, p is its canonical momentum, A is the electromagnetic
vector potential, and h is the gravitomagnetic vector potential, which is the
gravitational analog of A in the case of weak gravity. The vector potential h
is the three-velocity formed from the space-time components hi0 of the small
deviations of the metric tensor hµν = gµν − ηµν from flat spacetime (the metric
tensor being given by gµν , and the Minkowski tensor for flat spacetime being
given by ηµν = diag(−1, 1, 1, 1)). Thus hji  hi0c. It is convenient for
performing this calculation to choose the radiation gauge for both A and h, so
that
r A = r  h = 0. (4)
The coordinate system used here is the inertial frame which coincides with
the freely-falling center of mass of the superconductor at the origin, where the
observer is located, and is not the transverse-traceless gauge choice, where hi0
is chosen to be zero. The physical meaning of h is that it is the negative of the
three-velocity eld of a system of noninteracting, locally freely-falling classical
test particles as seen by the observer. In Eq. (3), Cooper pairs are treated as
if they were free particles inside the superconductor, and we have neglected for
the moment their interactions with each other.
The electromagnetic vector potential A in the above minimal-coupling Hamil-
tonian gives rise to Aharonov-Bohm interference. In like manner, the gravito-
magnetic vector potential h gives rise to a general relativistic twin paradox for
rotating coordinate systems and for Lense-Thirring elds. Therefore h gives
rise to Sagnac interference in both light and matter waves. The Sagnac eect
has recently been observed in superfluid helium interferometers using Josephson
junctions, and has been used to detect the Earth’s rotation around its polar axis
[?].
From the above Hamiltonian, we see that the minimal coupling rule in the
quantum mechanics (QM) of Cooper pairs now becomes
p ! p− e2A−m2h (5)
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in the simultaneous presence of electromagnetic (EM) and weak general rela-
tivistic (GR) elds. This minimal-coupling rule has been experimentally tested
in the static case of a uniformly rotating superconducting ring, since it predicts
the existence of a London magnetic moment for the rotating superconductor,
in which magnetic flux is generated through the center of the ring due to its
rotational motion with respect to the local inertial frame at its center of mass.
The proportionality constant of the London moment eect is given by the ratio
of the e2A and the m2h terms, and thus by the charge-to-mass ratio e2/m2,
where m2 has been experimentally determined to be the vacuum value of the
Cooper pair rest mass, apart from a small discrepancy of the order of ten parts
per million, which has not yet been completely understood [?].
I propose that we can generalize the above time-independent minimal-coupling
Hamiltonian to quasi-static time-varying situations as follows:
H = 12m2eff (p− e2A(t) −m2h(t))2 , (6)
where A(t) and h(t) are the vector potentials associated with low-frequency
electromagnetic and gravitational radiation elds, for example. (This time-
dependent Hamiltonian can also of course describe time-varying tidal elds and
Lense-Thirring elds, as well as radiation elds.) Again, it is natural to choose
the radiation gauge, Eq. (4), in the description of these time-varying elds.
The physical meaning of h(t) is that it is the negative of the time-varying
three-velocity eld vtest(x, y, z, t) of a system of noninteracting, locally freely-
falling classical test particles as seen by the observer in an inertial frame located
at the center of mass of the superconductor. At rst, we shall treat both A(t)
and h(t) as classical elds, but shall treat the matter, i.e., the superconduc-
tor, quantum mechanically, in the standard semiclassical approximation. The
time-dependent Hamiltonian given by Eq. (6) is, I stress, only a \guessed"
form of the Hamiltonian, whose ultimate justication must be an experimental
one. In case of the time-dependent vector potential A(t), there have already
been many experiments which have justied this \guess," but there have been
no experiments which have tested the new term involving h(t). However, one
justication for this new term is that in the static limit, this \guessed" Hamil-
tonian goes over naturally to the static minimal-coupling form, which, as we
have seen above, has been tested experimentally.
From Eq. (6), we see that the time-dependent generalization of the minimal-
coupling rule in QM is
p ! p− e2A(t)−m2h(t). (7)
It would be hard to believe that one is allowed to generalize A to A(t), but that
somehow one is not allowed to generalize h to h(t) for quasi-static time-varying
elds.
4
One important consequence that follows immediately from expanding the
square in Eq. (6) is that there exists a cross-term [?]
Hint = 12m2eff f2e2m2A(t)  h(t)g = (m2m2eff ) e2A(t)  h(t). (8)
Note that Newton’s constant G does not enter here. The physical meaning of
this interaction Hamiltonian Hint is that there should exist a direct coupling
between electromagnetic and gravitational radiation mediated by the supercon-
ductor that involves the charge e2 as its coupling constant. Thus the strength
of this coupling is electromagnetic, and not gravitational, in its character. Fur-
thermore, the A  h form of Hint implies that there should exist a linear and
reciprocal coupling between these two radiation elds. This implies the possi-
bility that the superconductor can be used as a transducer between these two
forms of radiation, which can, in principle, convert power from one form of
radiation into the other, and vice versa, with equal eciency.
We can see more clearly the physical signicance of the interaction Hamilto-
nian Hint once we convert it into second quantized form and express it in terms
of the creation and annihilation operators for the positive frequency parts of
the two radiation elds, as in the theory of quantum optics, so that in the
rotating-wave approximation
Hint ∝ a†b + b†a (9)
where the annihilation operator a and the creation operator a† of the quan-
tized excitations of the single classical mode of the plane-wave electromagnetic
radiation eld corresponding to the amplitude A+ (see Eq. (??)), obey the
commutation relation [a, a†] = 1, and where the annihilation operator b and the
creation operator b† of the quantized excitations of the single classical mode of
the plane-wave gravitational radiation eld corresponding to the amplitude h+
(see Eq. (??)), obey the commutation relation [b, b†] = 1. (This represents a
crude, rst attempt at quantizing the gravitational eld, which applies only in
the case of weak gravity and slow velocities.) The rst term a†b then corre-
sponds to the process in which a graviton is annihilated and a photon is created
inside the superconductor, and similarly the second term b†a corresponds to the
reciprocal process, in which a photon is annihilated and a graviton is created
inside the superconductor. Energy is conserved by both of these processes.
Time-reversal symmetry, and hence reciprocity, is respected by this interaction
Hamiltonian.
Let us now introduce the purely quantum concept of wavefunction, in con-
junction with the quantum adiabatic theorem. To obtain the response of the
superconductor, we must make explicit use of the fact that the ground state
wavefunction of the system is unchanged (i.e., to use London’s term, \rigid")
during the quasi-static time variations of both A(t) and h(t). The condition
for validity of the quantum adiabatic theorem here is that the frequency of the
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